An approximate relation between energy and equatorial radial distance for a particle of pitch angle ae, moving adiabatically in a dipole magnetic field is used to describe the Alfv6n layer for particles of arbitrary pitch angle. The convection electric field is assumed to be uniform in the equatorial plane of the magnetosphere, and magnetic field lines are taken to be equipotentials in the region traversed by the magnetospheric particles being studied. Approximate solutions in the high-and low-energy limits are given in a form directly applicable to the interpretation of measurements at fixed particle energy and pitch angle. These results are particularly useful for electrons, since the approximations provide lower bounds to the exact solutions. The results are used to interpret recent Explorer 45 electron measurements of Williams et al.
INTRODUCTION
The establishment or enhancement of an electric field oriented from dawn to dusk across the magnetosphere is widely recognized as a significant feature of geomagnetically active periods [Axford, 1969; Mozer, 1971 Ftilthammar, 1963; Schield et al., 1969] . The boundary of the forbidden zone is referred to as the.'Alfv•n layer,' and its geometry is a sensitive function of the adiabatic invariants of the particles whose motion it characterizes [Chen, 1970 [Chen, , 1974 and of the magnitude of the convection electric field. Solutions have been obtained for a number of representative cases for 90 ø pitch angle particles in a dipole magnetic field [Chen, 1970 [Chen, , 1974 , but the quantitative results have been published only for the midnight meridian. In this paper we derive some approximate solutions which can be used to calculate properties of Alfv6n layers in the high-and low-energy limits and which apply to particles of arbitrary equatorial pitch angle. As we shall see, the high-and low-energy limits provide a very good guide to the behavior of electrons of arbitrary energy. The results are formulated as answers to the question, What cross-magnetosphere electric field will produce an Alfv6n layer at (L, ½) for a particle whose energy at (L, 
DEFINING EQUATIONS FOR THE ALFVI•N LAYER
An Alfvfin layer is defined for a particle of magnetic moment u as a flow line on which there is a stagnation point where electric field drifts and magnetic drifts exactly balance. These boundaries can be very complex for low-energy protons, whose magnetic and corotation drifts can produce resonances, allowing them to penetrate into the inner magnetosphere [Chen, 1970] . Figure 1 , adapted from Chen [1970] , shows the possible complexity of these proton orbits. We will merely remark on the existence of multiple stagnation points for such protons and develop approximations to describe cases for which the Alfvfin layer is geometrically simple (cf. Figure 3) .
Convective flow conserves the total energy including the potential energy of the assumed uniform dawn-dusk electric field and of the corotation electric field. In the earth's dipole magnetic field the corotation potential is [2BoRE:•L -• in terms of Bo, the equatorial field at 1 RE, and [2 = 2•r/day. Magnetic field lines are assumed to be equipotentials in the region traversed by the particles being studied. Thus for convective 
The variation of W with L for a charged particle whose initial equatorial pitch angle is sin ae.o is well approximated by the 
Equation (7) can be solved numerically for electrons of any energy, in which case the only approximation is the use of (3). In the next section, however, we develop solutions which are useful in the high-and low-energy limits.
HIGH-AND LoW-ENERGY LIMITS
In the high-energy limit, C/WL << 1, the corotation terms on the right-hand side are small and may be neglected to lowest order. This condition is always satisfied for proton orbits corresponding to cases for which L8 is the larger solution of (5) pitch angle but that both the asymmetry of the Alfv6n layers and their dependence on equatorial pitch angle become large in the direction of the stagnation point. On this side of the earth the particle energy is lowest, and convection is naturally more important. One should note that the fractional change of electron energy on a closed orbit between midnight and dawn is of the order of 30% for 2 _< v _< 3.
The correction of order C/WL to the solution of (7) The corotation contributions to EA are positive for electrons because the addition of the corotation velocity effectively increases the magnetic angular velocity relative to the electric field drift velocity. In order to obtain balance at the stagnation point, the electric field must increase. By similar reasoning, if the electric field is fixed, the stagnation point must move outward to decrease magnetic drift effects relative to electric field drift effects. As Ls increases, the Alfv6n layer moves out at all 4.
The boundary LA lies at larger radial distances for electrons, whose corotation and magnetic drifts supplement each other, than for protons, whose corotation and magnetic drifts oppose each other. In the Jovian magnetosphere, where the dipole orientation is opposite to that of the earth, the corotation drift opposes the magnetic drift for electrons, which can therefore 
INTERPRETATION OF EXPLORER 45 ELECTRON OBSERVATIONS
In the previous section the contour La(•) has been defined as the boundary of the region inaccessible to particles whose source is in the tail and whose local energy is W. Fluxes measured at fixed energy W may change rapidly with radial distance across this boundary, especially in the early stages of a storm or substorm before diffusion by nonadiabatic processes acts to smooth discontinuities. Similarly, temporal variations of the flux at fixed energy may occur quite independently on the two sides of the boundary. The decoupling of the spatial and/or temporal variations of the flux across the boundary La(•) helps to identify the existence of an Alfv6n boundary layer in analysis of measurements. Strong precipitation can also produce boundaries across which particle fluxes change markedly, and Kennel [1969] has discussed the coupling between precipitation and convection boundaries. In identifying a spatial boundary as an Alfv6n layer, the alternative possibility that the boundary is a precipitation boundary must be considered. Wolf[1970] has used different models of the convection electric field to calculate electron Alfv6n layers and precipitation boundaries and has shown that although they may be well separated on the day side of the magnetosphere, they coincide closely over a large part of the nighttime magnetosphere. He has also noted that the near coincidence of the boundaries is a consequence of the fact that near the stagnation point on the Alfv6n layer the plasma flows so slowly that it has a high probability of being precipitated before it is convected away.
The application of an Alfv6n layer analysis is probably most clearly relevant to observations of the type discussed by Kivelson and Southwood [1975] , who interpreted the asymmetric distribution of particle flux at fixed energy observed in the early part of a geomagnetic storm [Frank, 1970] . For analysis of this type of experimental data we have found the approximate expressions of the preceding section to be a useful alternative to exact numerical solutions. As an example of further experimental observations which can be interpreted consistently by using the arguments of this paper, we consider the complex substorm-associated increases of electron flux reported by Williams et al. [1974] . The electron flux was measured by the Explorer 45 satellite as it moved through the premidnight magnetosphere near apogee at L = 5.5. (In this spatial region, Alfv6n layers and precipitation boundaries are likely to be approximately coincident.) Williams et al. note that although the high-energy (35-560 keV) flux peaks arrived at the satellite with a dispersion consistent with magnetic gradient drift to the satellite from a source near midnight, the highest-energy particles arriving earliest, the low-energy (1.5-10.8 keV) fluxes arrived in the reverse order, the lowestenergy particles arriving first at the satellite. Williams et al. suggest that the source of the low-energy electrons could be the plasma sheet, which is convected in by an electric field for which they obtain a crude estimate of 0.7 kV R• -•. They reject this interpretation, because they note that particle trajectories calculated by Mcllwain [1972] for a model electric field developed to interpret particle measurements at geostationary orbit do not penetrate deeply enough to bring plasma sheet electrons to the Explorer 45 orbit. Noting, however, that the minimum penetration distance LA(½) is a rather sensitive function of the cross-tail field, we can determine how large an electric field is required to allow electrons of W < 8 keV to convect inward to the Explorer 45 orbit and then examine other aspects of the experimental observations to see whether they are reasonably consistent with the assumed electric field.
Relevant For the low-energy electrons the electric field which has been introduced, and which may be thought to have developed 30 min to 1 hour before the substorm onset [Mozer, 1971] , would have simultaneously produced convection and acceleration 
CONCLUSIONS
The convection boundaries associated with the crossmognetosphere electric fields occurring during the early stage of magnetic storms and substorms depend strongly on particle energy and azimuthal position. The spatial and temporal variations of the particle flux may be largely decoupled across such boundaries, so that sharp gradients or very different time dependence may be observed for particles whose energies lie above or below some cutoff energy. We hope that the simple approximations given in this paper will prove useful in identifying such boundaries in experimental data. The simplicity of these results is inevitably tied to the simplicity of the' model we have assumed, and we feel that thei r main use should be as a rule of thumb guide, most powerful when applied to electrons. Naturally, the further the magnetic field departs from a dipole (and the further the electric field departs from a uniform dawndusk field), the greater should be the degree of skepticism accorded to our estimates. We would like to point out the usefulness of considering the boundary LA(W, qb) as it was described here in future more sophisticated work. 
